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Abstract—The expression of the genes encoding the inhibitors of serine (ISP) and cysteine   proteinases (ICP)
was studied in the roots of tomato plants resistant and susceptible to the root-knot nematode Meloidogyne
incognita during infection and under the effects of signaling molecules: salicylic (SA) and jasmonic (JA) acids.
It was shown that, upon infection, resistant plants are characterized by an increased accumulation of tran-
scripts of the ICP and ISP genes at the stages of penetration and development in the roots, while the level of
transcription does not change in susceptible plants. There was a significant decrease in nematode invasion in
susceptible plants after treatment with SA or JA compared to untreated plants, which makes it possible to
determine the role of the studied proteinase inhibitors in resistance induced by signaling molecules. It was
revealed that an increase in expression of the genes of proteinase inhibitors is accompanied by inhibition of
the reproductive potential and size of M. incognita females, as well as by a decrease in plant infection.
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INTRODUCTION
The root-knot nematodes of the genus Meloido-

gyne (Göeldi, 1892) are among the most dangerous,
highly adapted obligate parasites of root systems,
which affect almost all species of higher plants (Moens
et al., 2009). Their effect on plants is composed of
mechanical and chemical damage, as well as using cel-
lular contents as nutrients. During their evolution,
root-knot nematodes have developed a highly special-
ized and unique way of existence in the roots of host
plants. Larvae penetrate into roots, migrate in the
conduction system, and induce the formation of spe-
cialized feeding sites, the so-called giant cells. A giant
cell supplies larvae with nutrients required to complete
their lifecycle. These nematodes induce gall formation
on plant roots and affect the growth and physiological
parameters of a host, reducing plant productivity.
Similar to all parasitic nematodes, root-knot nema-
todes have a special stylet (lancet), which allows them
to penetrate into plants and to feed. The main influ-
encing factors of root-knot nematodes in altering the
cellular structure and functions of the host are secre-
tions from the esophageal glands, the cuticle surface,
and the amphids, which include proteins and other
biologically active molecules (effectors). The
mechanical action of the stylet provides precise and
localized deposition of the effectors of esophageal

glands in host plant cells. The studies of the functional
role of nematode effectors have confirmed their sig-
nificance for many processes occurring in plants
exposed to nematode invasion: migration through
plant tissues, development and maintenance of feed-
ing structures, and the defense response, as has been
reported in some works (Gheysen and Mitchum, 2011,
2019; Haegeman et al., 2012; Rosso et al., 2012;
Mitchum et al., 2013).

Proteases (proteinases), the proteolytic enzymes
cleaving the inner peptide bonds of proteins and pep-
tides, are a considerable part of effectors. Enzymatic
hydrolysis of proteins and peptides (proteolysis) as a
special form of biological control is one of the most
important processes in the vital activity of organisms.

The most widespread and economically important
species of root-knot nematodes is Meloidogyne incog-
nita (Kofoid, White, 1919) Chitwood, 1949, a model
species for studying the biology and relationship with
plants and the processes of co-adaptation in the
plant–nematode system. However, in spite of great
success achieved in the past 10–15 years due to the
development of unique methods of research, includ-
ing methods for construction of biologically active
recombinant DNA molecules, bioinformatics,
genomics, etc., the relationship between these organ-
isms and plants are still pretty much terra incognita. A
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significant accomplishment was to decode the genome
of M. incognita (Abad et al., 2008), which became a
vast source of information for better understanding of
all factors associated with nematode parasitism. This
nematode is known to possess almost all representa-
tive classes of proteinases described in the literature.
Studies have shown that the degradome of the root-
knot nematode M. incognita consists of 334 protein-
ases of different classes, making up 1.74% of all pro-
teins encoded in the genome of this nematode. At the
same time, 64 of all the identified proteinases contain
the N-terminal signal peptide, which indicates their
involvement in the secretory activity of nematodes
(Bellafiore et al., 2008) and suggests their potential
effect on host plants. Among them, there are two
cathepsin-like cysteine proteinases (Neveu et al.,
2003; Shingles, 2007), chymotrypsine-like serine pro-
teinases (Rosso et al., 2012) and cathepsin D, an
aspartic proteinase (Fragoso et al., 2005). Some aspar-
tic proteinases are excreted by parasitizing nematodes
into the apoplast of plants (Vieira et al., 2011).

Studies of the expression of the genes of the three
major proteinases of M. incognita (aspartic (Mi-asp-1),
serine (Mi-ser-1) and cathepsin L-type cysteine
(Mi-cpl-1) showed considerable differences at all
stages of nematode development (from the penetra-
tion of larvae into the roots to the reproductive stage),
which was indicative of their different functions per-
formed during the development (Antonino de Souza
et al., 2013).

The functions of proteinases in plant parasitic
nematodes were determined by the method for selec-
tive inactivation of gene expression by small interfering
RNAs. This method showed the involvement of pro-
teinases in many aspects of morphogenesis and physi-
ology of plant cells, in degradation of the protective
proteins of plants (Vieira et al., 2011), as well as in the
specialized physiological processes of nematodes, like
moulting (Craig et al., 2007) and embryogenesis (Brit-
ton and Murray, 2002; Hashmi et al., 2002).

The method of RNA interferences used in tobacco
plants invaded by M. incognita, with suppression of the
activity of the genes encoding aspartic (Mi-asp-1), ser-
ine (Mi-ser-1), and cysteine (Mi-cpl-1) proteases in
their roots, yielded data on the role of these protein-
ases in the development of nematodes in plant roots. It
was shown that knockdown of the genes of the above-
mentioned proteases, which were excluded from the
ration of parasitic nematodes, affected the size, repro-
duction, egg viability, and virulence in the progeny
(Antonino de Souza et al., 2013).

In view of the significance of this class of enzymes
with a broad range of metabolic functions in parasite–
host interactions, proteinases can be considered as
important targets for creating new crops with
enhanced resistance to nematodes. The suppression of
nematode development in plants with genes express-
ing proteinase inhibitors has been confirmed by many
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studies (Atkinson et al., 2009, 2012; Dutta et al., 2015;
Ali et al., 2017; etc.).

Most likely, the results obtained in plants carrying
the genes of proteinase inhibitors or expressing
dsRNA for particular proteinases do not represent nat-
ural situations in the invaded plants but demonstrate
that inhibitors capable of suppressing proteinase activ-
ities may be one of the factors of plant defense against
nematode invasion. It seems that the suppression of
enzyme activities by protein inhibitors is the most
ancient (in evolutionary terms) way of regulation of
proteolysis (Mosolov, 1983). This process is controlled
by signal transduction cascades associated with tran-
scription of the genes encoding these protein inhibi-
tors (Koiwa et al., 1997). One of the causes of expres-
sion and accumulation of protease inhibitors (PIs) in
the cells infected with various phytopathogens is acti-
vation of the signaling pathway mediated by salicylic
(SA) or jasmonic (JA) acid (Vlot et al., 2009; Uehara
et al., 2010). The data obtained previously in tomato–
root-knot nematode systems demonstrate the effects
of SA or JA on plant resistance, exerting an inhibitory
effect on the development and fertility of nematodes
(Zinovieva et al., 2013; Vieira dos Santos et al., 2013).

Numerous studies have shown that the local and
systemic accumulation of PIs is a component of the
defense response initiated by wounding under expo-
sure to pests or pathogens (Ryan, 1990; Birkenmeier
and Ryan, 1998; Valuyeva and Mosolov, 2002). It has
been shown that the inhibitors of serine proteinases I
and II in tomatoes were deposited in endospermal cell
walls and secretory cells of the root cap and were
secreted into the environment. Hence, it was sug-
gested that PIs can protect the growing root meristem
from pathogenic microorganisms and other pests,
including the nematodes affecting plant root system
(Narváez-Vásquez et al., 1993). There are limited data
on the role of PIs in the plant defense response to the
invasion of phytoparasitic nematodes and the devel-
opment of interrelationships in the nematode–plant
system, and these data are contradictory (Rashed
et al., 2008; Turra et al., 2009; Revina et al., 2012;
Udalova et al., 2014). Let us note that the genes iden-
tified, the transcripts of which accumulate in tomato
plants infected with the nematode Meloidogyne javan-
ica, include the gene encoding the inhibitor of serine
proteinase, which belongs to the structural superfam-
ily of Kunitz-type inhibitors (SBTI), which in
involved in protection of Solanaceae from fungal
infections (Lambert et al., 1999).

The inhibitors were selected on the basis of avail-
able data on the major presence of serine and cysteine
proteinases in the root-knot nematode organism and
the presence of inhibitors of these proteinases in
tomato roots (Turra et al., 2009; Castagnone-Sereno,
2011; Kovács et al.,  2016).

This work was aimed at comparative analysis of the
expression of the genes of serine and cysteine protein-
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Table 1. Primers for real-time PCR

Gene
Nucleotide sequence (5'…3')

forward primer reverse primer

ISP TCTTGGGTTCGGGATATG GGGACATCTTGAATAGGC
ICP GTGATGAGCCCAAGGCAAAT GCCAATCCAGAAGATGGACAA
Actin CGGTGTTATGGTAGGGATGGGTC CTCATCAGGAGAAACACGCAAC
ase inhibitors in resistant and susceptible tomato
plants under conditions of M. incognita invasion and
exogenous effects of SA and JA, as well as elucidation
of the significance of these inhibitors for plant resis-
tance to nematodes, using morphophysiological indi-
cators of the state of the population of root parasitic
nematodes.

MATERIALS AND METHODS
The material for study was the closely related lines

of tomato plants Lycopersicon esculentum L., the Sha-
gane F1 hybrid resistant to infection by the root-knot
nematode M. incognita and the sensitive Gamayun F1
hybrid. Plant seeds were superficially sterilized with
1% Ca(OCl)2 solution. Plants were grown in plastic
vessels with steamed soil in a climate test chamber at
25°C, with the photoperiod L/D = 16 : 8. Samples
were taken from invaded susceptible tomatoes culti-
vated in a greenhouse. Eggs were extracted from the
galls formed by nematodes on the roots of these plants
and incubated in distilled water; after hatching of lar-
vae, plants were infected with a suspension of nema-
todes (3000 invasive larvae/plant). The number of
nematodes in aliquots was counted under a light
microscope. Plant infection and cultivation were per-
formed by the standard techniques described previ-
ously (Udalova and Zinovieva, 2016).

The effects of signaling molecules (SA and JA) on
the activity of PI genes were studied in the following
solutions: SA, 7 × 10–8 M, and JA, 5 × 10–8 М (Sigma,
United States). Plant seeds were soaked for 2 h in SA
or JA solutions at the concentrations mentioned above
and then the two-week seedlings were sprayed imme-
diately before the invasion (7 mL of the solutions per
plant). The control seeds and plants were treated with
distilled water. Each experimental variant (healthy plants
(control); invaded plants without the treatment; invaded +
JA; invaded + SA) was repeated tenfold.

The samples for molecular analysis were taken
before the invasion, as well as at the key stages of nem-
atode activity (days 1 and 3, mass penetration of larvae
into roots; day 5, formation of the feeding site (giant
cells); day 20, active feeding and formation of mature
adults). The roots of uninvaded plants were analyzed
in the same periods of time.

The level of transcription of the PI genes was
assessed by a real-time polymerase chain reaction
(PCR). The total RNA was isolated with an Extract
RNA kit (Evrogen, Russia). The amount and quality
of the total RNA were determined by capillary electro-
phoresis in the Experion system (Bio-Rad, United
States). The total RNA was treated with DNAse (1 U)
(Syntol, Russia). The first-strand cDNA was synthe-
sized using reverse transcription with random hexa-
primers (Evrogen, Russia). PCR was carried out by
the standard protocol. The PCR efficiency (98%) was
assessed by the standard curve. The relative level of
gene expression was calculated by the ΔΔCt method.
cDNA samples taken from the plants not exposed to
exogenous effects were used as a control. Actin was
used as a reference gene. The design of DNA primers
of the inhibitors of serine proteinases (ISP) and the
inhibitors of cysteine proteinases (ICP) was deter-
mined by Primer3 (http://primer3plus.com) (Table 1).
Each experiment was repeated sixfold.

Nematode resistance in plants was assessed in each
variant by the extent of root damage (the number of
galls per root unit) and by the morphophysiological
parameters of parasites (the size and fertility (number
of eggs in ootheca)) on day 35 after the invasion. Addi-
tionally, the state of invaded plants was assessed by
weight and height. Each variant was analyzed tenfold.

The data were statistically processed by ANOVA,
SAS Version 6.0 (Statsoft Statistica). The data on the
morphophysiological parameters of nematodes and
the plant growth parameters were analyzed by the least
significant difference (LSD): Fisher’s test (P ≤ 0.05).
The significant difference in gene expression between
plants at each moment of time was determined by
Duncan’s test (P ≤ 0.05).

RESULTS
Expression of proteinase inhibitor genes in the roots of

resistant and susceptible tomato plants in the period of
pre-invasion. The results of study have shown that
resistant and susceptible plants normally (in the
absence of infection) possess active genes of serine and
cysteine PIs with a low level of expression (Fig. 1).

There is no statistically significant difference in the
level of expression of the PI genes in roots of resistant
and susceptible plants (Fig. 1). The activities of the
serine and cysteine proteinase genes were not different
from each other either: gene expression was almost the
same in both resistant and susceptible plants (Fig. 1).
BIOLOGY BULLETIN  Vol. 48  No. 2  2021
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Fig. 1. Expression of the genes of the inhibitors of serine proteinases (ISP) and cysteine proteinases (ICP) in the roots of (a) resis-
tant and (b) susceptible tomato plants (1) before infection with Meloidogyne incognita and after their treatment with (2) SA and
(3) JA. 
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Exogenous treatment of plants with SA in the
period of pre-invasion had different effects on PI gene
expression in the roots of resistant and susceptible
plants. In resistant plants, the number of transcripts
was unchanged; in susceptible plants, the accumula-
tion of gene transcripts of serine proteinase inhibitors
increased twofold, but the activity of the genes of cys-
teine proteinase inhibitors remained at the level of the
control untreated plants (Fig. 1).

The treatment with JA influenced gene expression
in the period of pre-invasion: in the resistant variety,
the content of gene transcripts of serine and cysteine
proteinase inhibitors increased insignificantly com-
pared to those in untreated plants (Fig. 1). The suscep-
tible plants responded to JA as follows: the number of
transcripts of both serine and cysteine PIs increased
more than twofold compared to those in untreated
plants.

Expression of proteinase inhibitor genes in the roots of
resistant and susceptible tomato plants after SA and JA
treatment and M. incognita invasion. Invasion of plants
caused an increase in the activity of both PI genes. In
resistant plants, there was a reliable increase in the
level of transcripts compared to uninvaded plants
already on day 3. The level of transcripts varied
throughout the life cycle, and the maximum accumu-
lation of transcripts in resistant plant tissues occurred
in the period of nematode feeding by day 20 (Fig. 2).
The content of transcripts of the serine and cysteine
PIs by that period in the roots of invaded plants was
higher 3.5- and 3-fold, respectively, than in uninvaded
plants in the same period.

The response of susceptible plants to nematode
infection was different from that of resistant plants.
The expression of both cysteine and serine PI genes
did not change upon infection: the accumulation of
transcripts in infected plants was comparable with that
in uninfected plants (Fig. 2). The tendency towards
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enhanced expression of the genes of serine proteinase
inhibitors was observed on day 5 after the invasion;
however, on day 20 of infection, by the moment of
active feeding of the nematodes, the activities of both
genes were lower compared to those in uninfected
plants (Fig. 2).

After the infection of resistant plants treated with
SA, the dynamics of accumulation of gene transcripts
in the roots was similar to that observed in untreated
infected plants (Fig. 2). The infection of SA-treated
susceptible plants was accompanied by an enhanced
level of expression of both genes, which was main-
tained throughout the entire period of nematode
development in the roots (days 5–20). In this period,
the level of transcripts was twofold higher compared to
uninvaded plants (Fig. 2). It should be noted that the
dynamics and level of gene transcript accumulation
are comparable with those in the infected resistant
plants.

JA treatment had a noticeable effect on gene
expression in tomato roots during the invasion. The
accumulation of gene transcripts, as well as serine and
cysteine PIs, in resistant plants was much higher
already 24 h after the invasion: 3.6- and 4.2-fold,
respectively, compared to untreated plants (Fig. 2).
The increased level of transcripts was observed until
day 5, followed by an insignificant decrease (Fig. 2).
By day 20, the expression of both genes was similar to
that in untreated plants.

Upon the infection of susceptible JA-treated
plants, the PI genes were greatly expressed in the
period from day 3 to day 20. In contrast to infected
resistant plants, the peak of gene expression in suscep-
tible plants was observed on day 5 after the invasion
(Fig. 2).

Thus, the data presented on the modulation of
expression of the genes of serine and cysteine protein-
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Fig. 2. Expression of the genes of inhibitors of serine proteinases (ISP) and cysteine proteinases (ICP) in the roots of (a) resistant
and (b) susceptible tomato plants (1) before the infection with Meloidogyne incognita, (2) after the infection and treatment with
(3) SA or (4) JA. * Significant differences (at Р ≤ 0.05) in gene expression between healthy and invaded plants. 

Day after invasion

(b)

40

30

20

10

0
1 3 5 20

ISP

1 3 5 20

ICP

(а)

40

30

20

10

0
    

ISP

    

ICP
E

xp
re

ss
io

n 
le

ve
l, 

re
l. 

un
its

1
2
3
4

ase inhibitors at different stages of nematode develop-
ment and under different treatments apparently indi-
cate the change in the functional activity of enzymes
proper, which can exert a direct effect on the protein-
ases of the parasite.

Morphophysiological parameters of root-knot nema-
todes from susceptible plants treated with SA and JA. The
studies of plants invaded by root-knot nematodes have
shown that the treatment with SA or JA resulted in a
lower level of infection in the roots of tomatoes sus-
ceptible to the root-knot nematode (the number of
galls on the roots decreased by 45.6 and 31.1%, respec-
tively); at the same time, the mass of the aerial parts of
plants was noticeably greater compared to that in
untreated plants (Table 2).

In the treated plants, nematodes developed more
slowly as could be judged by their sizes: they were
smaller than in the untreated plants, by 19% in the case
of JA and by 11% in the case of SA. The fertility of
nematodes also decreased: the average number of eggs
in oothecas was less by 15 and 32% for SA and JA
treatment, respectively.

DISCUSSION

PIs are one of the groups of the PR (Pathogenesis-
Related Proteins) family, which are currently consid-
ered as one of the most important strategies of plant
protection from pathogens (Ali et al., 2018). These
proteins are induced in plants in response to the effects
of pathogens under certain stress conditions. They
have been classified into several groups (from PR-1 to
PR-17) based on their amino acid sequences and bio-
chemical functions. PIs belong to the group of PR-6
proteins. This group includes inhibitors of all known
types of proteinases (serine, cysteine, aspartic prote-
ases, and metalloproteases). Previous studies have
shown that the level of the PR-6 gene transcripts and
the dynamics of their activity under the root-knot
(M. incoignita) and cyst-forming (Globodera rosto-
chiensis) nematode invasion of tomato or potato
plants, respectively, were different in nematode-resis-
tant plants. The increased activity of these genes in the
period of nematode development and reproduction
indicated the potential role of the enzymes of this
group as one of the main components of plant defense
against invasion (Lavrova et al., 2017a, 2017b; Seiml-
Buchinger et al., 2019). The data of the present study
demonstrate the potential involvement of two PI
classes, serine and cysteine, in this process, as well as
the modulation of their activity by the biogenic elici-
tors: jasmonic and salicylic acids.

The results have shown that, in spite of the pres-
ence of active genes of serine and cysteine proteinase
inhibitors in the roots of healthy plants, infected resis-
tant plants demonstrate intensive accumulation of the
BIOLOGY BULLETIN  Vol. 48  No. 2  2021
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Тable 2. Development of susceptible tomato plants and morphophysiological parameters of the nematode Meloidogyne
incognita under conditions of treatment with salicylic acid (SA) and jasmonic acid (JA)

LSD is the least significant difference at P ≤ 0.05; (±m) is the standard deviations from the mean value of the character; n = 10; “–” is
the absence of data in healthy plants.

Plant Mass of above-
ground organs, g Plant height, cm Gall number/plant Number of eggs

in ootheca
Size of females, 

mm2

Healthy 59.3 ± 4.2 62.3 ± 12.5 – – –

Invaded 38.2 ± 5.3 58.8 ± 8.2 759 ± 68 158 ± 24 0.336 ± 0.021

SA-treated 135.7 ± 15.6 146.4 ± 22.4 – – –

SA-treated
invaded

103.6 ± 12.3 117.0 ± 13.5 413 ± 53 135 ± 26 0.30 ± 0.012

JA-treated 68.2 ± 9.2 73.6 ± 10.4 – – –

JA-treated
invaded

67.2 ± 8.7 70.4 ± 11.4 523 ± 45 108 ± 21 0.272 ± 0.019

LSD (P ≤ 0.05) 24.7 18.3 73 26 0.023
transcripts of these genes at the stages of penetration
into and development in the roots, but there are no
significant changes in the activity of these genes in sus-
ceptible plants. The differences revealed in the
dynamics of PI gene expression are in agreement with
our previous data on the expression of the Mi-1.2 gene
determining tomato resistance to root-knot nema-
todes, which increased in the roots of resistant plants
with nematode infection and did not vary in suscepti-
ble plants (Lavrova et al., 2016, 2017b). Enhanced
expression of the Mi-1.2 resistance gene at the early
stages of nematode parasitism (penetration of larvae
into roots, formation of feeding sites (giant cells))
allows the timely recognition of parasite invasion by
resistant plants, and they activate the protective sig-
naling cascades of reactions resulting in high expres-
sion of the PI genes, which locally limits the spread of
the parasite and the possibility of its normal develop-
ment. The absence of changes in the activity of the PI
genes in susceptible plants exposed to invasion indi-
cates the absence of development of timely protective
response and therefore creates favorable conditions for
nematode development.

The results of earlier studies have shown that SA
and JA are signaling molecules influencing the protec-
tive system under biotic stresses, including phytopara-
sitic nematodes (Cooper et al., 2005; Halim et al.,
2006; Bhattarai et al., 2008; Molinary et al., 2008;
Zinovieva et al., 2013; Fan et al., 2015; Yang et al.,
2018). Exogenous application of these compounds
considerably regulates the expression of many protec-
tive genes in plants (Stintzi et al., 2001; Fujimoto
et al., 2011; Molinary et al., 2014).

Our previous studies have shown that exogenous
treatments with SA and JA have no significant effect
on the pattern and level of expression of the Mi-1.2
BIOLOGY BULLETIN  Vol. 48  No. 2  2021
gene in the roots of resistant tomato plants (Lavrova
et al., 2016; Seiml-Buchinger et al., 2019). The results
of the present study demonstrate that exogenous treat-
ments with SA or JA in the period of pre-invasion at
the concentrations used also exert an insignificant
effect on the pattern and level of PI gene expression in
the roots of resistant tomato plants. They are charac-
terized by low gene activity in the period of pre-inva-
sion, followed by a rapid increase in expression level
upon nematode infection. This result demonstrates
that resistant plants under normal conditions (in the
absence of invasion) actually make no transcriptome-
level response to external factors. This is probably due
to the fact that the effects of SA or JA are aimed at
inducing host protective properties, which are already
sufficiently active in resistant plants.

The results show that susceptible plants are charac-
terized by very low PI activation upon infection. How-
ever, they may have an immune potential realized
under conditions of particular exogenous treatments,
e.g., with SA or JA. These compounds cause an
increase in the level of PI gene transcription in the
roots of susceptible plants in the period of pre-inva-
sion and stimulate an enhanced level of expression
during the subsequent nematode invasion. It should be
specially emphasized that generally the dynamics of
gene activity in the roots of treated susceptible plants
after infection shows similarity to resistant plants,
though the peak of gene transcription is less marked
than in genetically resistant plants. Nevertheless, in
the case of infection, such plants are already capable of
intercellular recognition of the effectors of nematode
larvae, signal transduction to the genome, and timely
activation of defense responses. The effects of SA and
JA on the transcription activity of the studied genes in
susceptible plants also indicate the role of these mole-
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cules in the development of induced resistance of
tomatoes to nematode infection. The JA treatment of
plants exerts a stronger effect on PI gene expression
compared to SA treatment, because JA functions as a
mobile signal for PI expression in distant plant tissues
(Zinovieva et al., 2013).

This study has demonstrated considerably reduced
nematode invasion in susceptible plants treated with
SA or JA before the invasion, as compared to untreated
plants, which indicates their improved immune status
and makes it possible to determine the role of the stud-
ied PI-genes in the resistance induced by signaling
molecules. The findings show that the expression of
the PI genes under exposure to SA and JA is accompa-
nied by a change in their reproductive potential, size,
and the degree of infestation. This fact is in agreement
with the previously published data showing that
knockdown of the genes of these proteinases affects
nematode reproduction and the virulence of the prog-
eny (Antonino de Souza et al., 2013). In addition, sus-
ceptible plants infected with M. incognita were charac-
terized by reduced biomass. Nematode parasitism
results in lower water and nutrient uptake, which can
lead to the f low of carbohydrates to the roots, as is
necessary for nematode development and laying eggs
by adult females, and hence to the impairment of plant
growth (Amarasinghe and Dalugoda, 2009; Maleita
et al., 2012). The treatment of susceptible plants with
SA or JA before invasion contributed to an increase in
their biomass, which is also evidence of reduced
pathogenic effects of invasion.

The expression of PI genes at different stages of
nematode development in the tissues of resistant and
SA- or JA-primed plants has shown that the enhanced
functional activity of these enzymes is associated
mainly with the sedentary period of development
(days 5–20), when nematodes feed and become sexu-
ally mature adults, followed by egg formation and lay-
ing eggs in an egg-sac. The expediency of increasing
the activity of serine and cysteine proteinase inhibitors
in plant roots as a defense response in this period is
probably related to suppression of the activity of the
respective nematode proteinases performing particu-
lar functions in embryogenesis, feeding, and matura-
tion of eggs (Antonino de Souza et al., 2013). It is
known that nematodes, while parasitizing, excrete
some proteinases into the plant apoplast (Vieira et al.,
2011), and this fact indicates their active participation
in pathogenesis. Therefore, it is quite clear that the
plant began to use its own PIs to neutralize the pro-
teinases from phytopathogens in response to nema-
tode invasion during evolution.

CONCLUSIONS
The development of root-knot nematodes in plant

tissues is largely determined by the activity of protein-
ase inhibitors detected in plants at all stages of parasite
development in plant roots and demonstrates the
prospects of the methods of plant protection on their
basis. One of the mechanisms of increasing plant
resistance to nematodes can be the modulation of PI
activity in plant tissues by agents providing long-term
induction of their activity, in particular, the signal
molecules of SA or JA. Exogenous treatment with SA
and JA plays the role of priming for susceptible plants,
which leads to mobilization of protective functions of
plants, including the modulation of PI gene expres-
sion, which allows regulation of tomato plant resis-
tance to nematode infection. Exogenous treatments
enhance the transcription of protective genes in sus-
ceptible plants, prepare organisms for forthcoming
stress conditions, and contribute to the development
of induced resistance to the phytoparasitic nematode
by mechanisms similar to genetic resistance.

Taking into account the great number of proteases
acting at different stages of nematode development,
the maximum success in creating nematode-resistant
plants can be achieved by using several genes with
functional properties associated with the parameters
of vital activity of the parasite such as feeding, rates of
development, and reproduction.
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